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ABSTRACT: In this chapter, the dependence of the formation of the various types of 
defect structures in radical suspension polymerization of vinyl chloride on monomer 
conversion was examined via both 1H and 13C NMR spectrometry. The rate coefficients 
for model propagation and intra- and intermolecular hydrogen abstraction reactions were 
obtained via high-level ab initio molecular orbital calculations. An enormous increase in 
the formation of both branched and internal unsaturated structures was observed at 
conversions above 85%, and this is mirrored by a sudden decrease in stability of the 
resulting PVC polymer. Above this threshold-conversion, the monomer is depleted from 
the polymer-rich phase, and the propagation rate is thus substantially reduced, thereby 
allowing the chain-transfer processes to compete more effectively. In contrast to the other 
defects, the chloroallylic end groups were found to decrease at high conversions. Based 
on the theoretical and experimental data obtained in this study, this decrease was 
attributed to copolymerization and abstraction reactions that are expected to be favored at 
high monomer conversions. Finally, a surprising increase in the concentration of the 
methyl branches was reported. Although a definitive explanation for this behavior is yet to 
be obtained, the involvement of transfer reactions of an intra- or intermolecular nature 






It has been generally accepted that a decrease in stability of PVC is caused by irregularities 
in the structure of the polymer.1,2 The most labile structural defects present in PVC are 
internal allylic and tertiary chlorine functional groups formed by hydrogen transfer 
reactions of an inter- or intramolecular nature2-7 (see Scheme 1-1 and 1-2 ). There are 
other irregular structures present in PVC, such as methyl and ethyl branches or 
chloroallylic end groups (Scheme 1-3), which are supposed to have negligible influence on 
its thermal stability. Investigation of the changes in their concentrations at different 
polymerization conditions can, however, help to complete the picture of the occurrence 
of the side reactions.  
Previous studies of vinyl chloride polymerization have indicated that the frequency of the 
side reactions is primarily influenced by the temperature, 2 the type of polymerization 
process used (e.g., bulk, suspension, or solution polymerization), 8 the monomer 
conversion,8 and pressure.2,9 In the studies made on polymers obtained at subsaturation 
conditions using emulsion PVC as a seed and a water soluble initiator,2 it was found that 
the concentration of long-chain, butyl, and ethyl branches increases with decreasing 
monomer pressure and increasing polymerization temperature, while the number of 
methyl branches decreases. In a similar study,9 the decrease in the number of chloroallylic 
end groups and increase in the number of internal unsaturations with decreasing 
monomer pressure was reported. The type of polymerization process also has a major 
impact on the PVC microstructure. Radical suspension polymerization, which is the most 
common process in the PVC industry, is known to give rise to a lower concentration of 
unsaturations and branches (especially butyl branches) than solution polymerization.8 
In this work, we study the effect of monomer conversion on the nature and 
concentrations of structural defects in radical suspension polymerization of vinyl chloride. 
Although the conversion dependence has been studied previously, this was done in a 
completely different polymerization system at subsaturation conditions when special 
precautions were taken to avoid diffusion control of the propagation.2,9 PVC made by 
suspension polymerization was also analyzed in the past, but the conversion range was 
not covered completely and only the low-molecular-weight part was extracted8 or only 
some of the defects were taken in account.10 To our best knowledge there is no detailed 
information on the formation of structural defects at high conversion, under conditions 
that would normally be encountered in the industrial production of PVC via radical 
suspension polymerization. 
The formation of structural defects as a function of monomer conversion was monitored 
using 1H and 13C NMR spectrometry. To assist in the interpretation of the results, the 1–
2-intramolecular and corresponding intermolecular hydrogen abstraction reactions were 
also studied using high-level ab initio molecular orbital calculations. 
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Experimental Section 
Materials. Vinyl chloride monomer (VCM, nominal purity 99.97%) was supplied by Shin 
Etsu PVC BV, The Netherlands. Partially hydrolyzed poly(vinyl acetate) (PVA, Alcotex 
B72, 72.5% hydrolysis), was provided by Harlow Chemical Company LTD, UK. 
Dimyristil peroxydicarbonate (Perkadox 26-W40, 40 wt % suspension in water) was 
received from Akzo Nobel Polymer Chemicals BV, The Netherlands. Buffer 
(NaH2PO4.2H2O p.a.), tetrahydrofuran (THF, 99+%, inhibited with 250 ppm BHT), and 
azo-bis-isobutyronitrile (AIBN) were obtained from Acros Organics. A terminating agent 
prepared as 10 wt % solution of 2,2-bis-4-hydroxyphenylpropane in methanol, crotyl 
chloride (nominal purity 96%), Bu3SnH, Bu3SnD, and THF-d8 were obtained from Sigma 
Aldrich. Nitrogen gas of a purity of 99.999% was used, while water was purified in our lab 
by reverse osmosis (RO-water). LiAlH4, methanol, p-xylene, 1,2,4-trichlorobenzene, and 
benzene-d6 were purchased from Merck. All chemicals for polymerization, reductive 
dehalogenation, and analysis were used as received, without further treatment.  
 
Polymerization. Vinyl chloride monomer was polymerized by suspension polymerization 
in a 1 L steel autoclave (type HPM-P-1 from Premex Reactor AG, Switzerland). The 
reaction vessel was filled with 350 mL of water partially hydrolyzed poly (vinyl acetate), 
buffer salt, and in some experiments, crotyl chloride. Air was then removed by flushing 
with nitrogen and subsequent application of reduced pressure. VCM (175 g) was added 
and the temperature was increased to 57.5 °C (polymerization temperature), while the 
dimyristil peroxydicarbonate initiator was added. During the polymerization of VCM, the 
anchor stirrer was set at 1000 rpm. Once the desired monomer conversion (monitored by 
decrease of VCM pressure) was reached, the termination agent was added, and the reactor 
was cooled to 21 °C. After removing residual VCM, the product mixture was filtered, and 
the PVC powder was washed with RO-water and dried overnight at 55 °C in a vacuum. 
Monomer conversion was then determined by gravimetry. 
 
Reductive Dehalogenation. The presence of Cl, and its consequent tacticity, renders 
undetectable the 13C signals of carbons contained in the different types of branches. To 
address this problem, the PVC polymer was reduced to its corresponding hydrocarbon 
because the 13C spectra of such polymers can provide the desired information. 4,11 
Reductive dehalogenation (on the basis of a free radical mechanism) was used for this 
purpose because it is relatively quick and does not affect the original microstructure of the 
polymer.11,12 The one-step modification12 of the original method developed by Starnes et 
al.11 was applied using Bu3SnH or Bu3SnD as reduction agent, AIBN as the initiator, and 
p-xylene and THF as solvents. THF was distilled under argon with addition of LiAlH4 to 
inhibit the formation of peroxides. The resulting product was precipitated with an excess 
of cold methanol and filtered. The precipitate was redissolved in p-xylene, and a few drops 
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of concentrated HCl were added until the solution became clear. The mixture was then 
added to cold methanol, containing a few mL of HCl. The second precipitation step was 
performed to eliminate tin compounds formed during the reaction. The degree of 
reduction of the PVC was determined by integration of the signals of methylenic and 
methine carbons in 13C NMR spectra.  
 
Gel permeation Chromatography. Molecular weight distributions were determined by 
gel permeation chromatography (GPC) carried out using a chromatograph (Spectra 
Physics) equipped with 2 PL-Gel Mixed C columns, a Viscotek H-502 online viscometer, 
and a Shodex RI-71 refractive index detector and Trisec software. All measurements were 
performed at 25°C in THF. A universal calibration curve was constructed using narrow 
MWD polystyrene standards, fitted with a fifth-order polynomial. A conventional 
calibration method, using the Mark Houwink constants a = 0.7155, logK = –3.9003 for 
polystyrene, and a = 0.769, logK = –3.8079 for PVC, was employed.13  
 
Dehydrochlorination Test. The thermal stability of the resins was determined with the 
aid of the dehydrochlorination test (DIN 53 381; ISO 182-3:1993), performed in the 
analytical laboratory of Shin Etsu –PVC BV, Pernis, The Netherlands. The sample was 
degraded at 180 °C under an N2 flow rate of 120 mL min–1. The HCl formed during this 
process was purged through distilled water, the conductivity of which was measured 
continuously as a function of time. The resulting curves provide information about the 
time of initiation of the degradation (ti) and the time necessary for a change in 
conductivity of 50 mS cm–1 (tst). This latter quantity corresponds to a weight loss of 0.05%, 
and the dehydrochlorination rate (dhc rate) was determined by dividing 0.05 % by the 
time needed to achieve this weight loss (tst-ti).  
 
NMR. 1H and 13C spectra were obtained on a 500 MHz VARIAN–INOVA 
spectrometer. Pre-acquisition delays were optimized and digital signal processing was used 
to obtain a flat baseline for accurate integration. The samples for the 1H NMR 
experiments were prepared as approximately 5 w/v % solution of PVC in THF-d8. The 
standard 1H pulse sequence was run at 45 °C using a tip angle of 80°. Assignment of the 
signals in the 1H spectra (known from literature14) was confirmed by 1H homonuclear 
COSY experiments.15  
Proton-decoupled 13C spectra of reductively dehalogenated samples were run at 120°C for 
approximately 10 % w/v solutions in the mixture of 1,2,4-trichlorobenzene and benzene-
d6 (3:1). The tip angle was 60°, pulse repetition time was 5 s, and broadband decoupling 
was used. The relaxation time T1 of the main chain -CH2- resonance was measured as 1.6 
s, somewhat higher than reported by Starnes et al.6 The peaks were identified using the 
spectra of model compounds4,16 and by means of computer simulations.17 
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The concentrations of the defects were usually expressed as the numbers per 1000 VC 
units and their calculation was based on integration of the corresponding peaks in both 1H 
and 13C spectra.4,14 Determination of the concentration of the branches was based on the 
intensities of the carbons at position a to the branch-point carbon. In the case of end 
groups, the results were expressed as numbers per chain to include the influence of 
differences in average degree of polymerization at lower and higher conversions. Number 
per chain = (number per 1000 VC * average degree of polymerization)/1000.  
Although at least 99% of all chlorine atoms were removed from the PVC samples, the 
presence of partially reduced methyl and butyl branches in some of the samples could not 
be neglected, and this was taken in account when calculating the number of defects. The 
highest values of the standard deviations calculated from at least three independent 1H 
NMR measurements were taken as the estimated experimental error (0.01-0.05). The 
standard deviation of the concentration of different types of branches was calculated by 
comparing the 13C spectra, collected by using different pulse intervals or decoupling 
methods (result 0.08-0.13).  
 
Ab initio Molecular Orbital Calculations. Standard ab initio molecular orbital theory18 
and density functional theory19 calculations were carried out using GAUSSIAN 0320 and 
MOLPRO 2000.6.21 Calculations were performed at a high level of theory, which was 
chosen on the basis of recent assessment studies for addition and abstraction reactions.22,23 
Geometries of the reactants, products, and transition structures were optimized at the 
MPW1K/6-31+G(d,p) level of theory, and zero-point vibrational energy (scaled by a 
factor of 0.9515)24 was also calculated at this level. To ensure that the geometries were 
global, rather than merely local minimum energy structures, alternative conformations 
were first screened at this level. Improved energies were calculated at the G3(MP2)-RAD 
level of theory.25 This is a high-level composite procedure that approximates coupled 
cluster energies [URCCSD(T)] with a large triple z basis set by using additivity 
approximations. This method has been demonstrated to reproduce the experimental heats 
of formation of a variety of open- and closed-shell species within approximately 1 kcal 
mol–1.25 
Having obtained the G3(MP2)-RAD barriers at 0 K, the gas-phase rate coefficients for 
the addition and transfer reactions were calculated at 57.5 °C via standard transition state 
theory, in conjunction with the rigid rotor / harmonic oscillator approximation. The 
entropies of activation (DS‡) were calculated using the MPW1K/6-31+G(d,p) optimized 
geometries, and scaled MPW1K/6-31+G(d,p) frequencies were used to calculate the zero-
point vibrational energy, the temperature correction to the barrier, and the vibrational 
contribution to DS‡. Standard textbook formulas,26 on the basis of the statistical 
thermodynamics of an ideal gas, were used for this purpose.27  
CHAPTER 2 
24 
Corrections for quantum mechanical tunneling were calculated using the Eckart tunneling 
method.28 In this method, the minimum energy path for the reaction is approximated 
using an Eckart function, for which the one dimensional Schrödinger equation has an 
analytical solution. In the present work we fitted the Eckart function to the curvature of 
the minimum energy path of the reaction at the transition structure, as measured using the 
imaginary frequency.29 A detailed assessment of the accuracy of one-dimensional 
tunneling methods for these reactions has not as yet been published; however, there are 
some preliminary indications that, for moderate levels of tunneling, this method provides 
reasonably accurate tunneling corrections, comparable to those obtained using more 
sophisticated multidimensional treatments.30  
 
Results and Discussion 
1H peak assignments. A typical 1H NMR spectrum for the PVC produced in the present 
work is provided in Figure 1. As can be seen in this figure, several “defects” are present in 
the polymer including saturated end groups, branches, and various unsaturated structures. 
Previous studies5,8,9 of the radical suspension polymerization of vinyl chloride have 
suggested that the unsaturated structures present in the resulting PVC polymer are 
chloroallylic end groups –CH=CH–CH2Cl and internal double bonds –CHCl–CH=CH–
CH2–. Such groups would arise through various types of chain-transfer to polymer or 
monomer reactions (see Schemes 1-2 to 1-3). Signals corresponding to these types of 





Figure 2-1. Typical 1H-NMR spectrum of PVC sample synthesized at 57.5 °C. a, –CH=CHCH2Cl, –
CH=CHCHCl–, –CHClCH=CH2 and –CHClCH=CHCl; b,–CHClCH=CHCl; b', –CH2CCl=CH2 or b and 
b', –CHClCH=CH2; c and c’, cis- and trans-  –CH=CHCH2Cl; d, –CH2CH2 O(CO) – (initiator end group); 
e, –CHClCH2Cl; f, –CH2CH2Cl and –CH2Cl methyl branch; s, solvent; * 13C satellite. 
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In addition, we also detected very weak signals downfield to the –CHCl– peak and upfield 
to the signals of double bonds, which have not as yet been identified. These peaks were 
visible in the spectra of all PVC samples, but their intensity was much higher in the 
spectra of low-molecular-weight fractions, indicating that they are likely to be end groups. 
The peak located at 5.36 ppm was unambiguously assigned with the aid of a cross-peak 
(with coordinates 5.35 and 6.00 ppm) found in the COSY 45 spectrum (see Figure 2-2). 
 
 
Figure 2-2. Expansion of the region of unsaturated protons of COSY 45 spectrum of low-molecular-
weight fraction of PVC with 23.7% conversion made at 57.5 °C. 
 
According to the computer simulations,17 the chemical shift of the saturated CHCl proton 
neighboring with a double bond is around 5.3 ppm, while the unsaturated protons in a 
double bond where a chlorine atom is also present have a chemical shift around 6 ppm. 
The peak thus belongs to the methynic proton in the saturated CHCl part of –
CHClCH=CHCl end group. This structure can be formed by transfer of a head-to-tail 
macroradical to monomer or by disproportionation (Scheme 2-1). The other peak, located 
at 5.16, was assigned to protons located in the end groups –CH2CCl=CH2 formed by 
reinitiation of the radical formed by transfer of the head-to-tail macroradical to the 
monomer (see Scheme 2-1). Presence of the so-called vinyl end group –CHClCH=CH2 
(which is proposed to form via abstraction of Cl from a radical formed after head-to-head 
addition,31 see Scheme 1-3) was excluded because of the absence of the correlation 
between CH and CH2 unsaturated hydrogens in the COSY spectrum (Figure 2-2).  
The protons located within the unsaturated part of the –CHClCH=CHCl are also 
expected to overlap with the multiplet corresponding to the total area of unsaturated 
protons. Nonetheless, taking into account the intensity of the –CHCl– part of the above-











































Scheme 2-1. End groups formed via termination by disproportionation or transfer to monomer. 
 
13C peak assignments. The presence of methyl, ethyl, butyl, and longer alkyl branches 
was detected in 13C spectra of samples reduced with Bu3SnH (Figure 2-3a). Signals of 
cyclopentane moieties formed by cyclization of double bonds during the reduction 
process32 (chloroallylic end groups; t-EtCP - trans 1-Ethyl-2- (long alkyl) cyclopentane ) 
were also present, as well as the peaks that ensued from the carbons in -
CH2CH2CH(OH)CH2CH2- segments. This structure, reported previously by Wescott et 
al.,33 arises from the sequential reduction of the -CH2CHCl(CO)CH2CHCl- structures 
with LiAlH4 and Bu3SnH. Carbonyl groups are introduced into the PVC chain by 
copolymerization with carbon monoxide, which is formed in situ from the reactions of 
residual oxygen with radicals.34 The amount of CO can be determined indirectly by 
measuring the concentration of HCl, the other product of such reactions.35 The 
evacuation method applied prior to the polymerization gave a chloride concentration of 
12.3 ppm, which would give 0.01 CO groups per 1000 VC units, a concentration far 
below the detection limit of 13C NMR. Nonetheless, the peaks belonging to the hydroxyl 
containing segments were clearly present in our spectra. Hydroxyl groups probably come, 
in our case, from the poly(vinyl alcohol) used as a surfactant. 
According to the literature,4,6 butyl and some of the long-chain branches carry a tertiary Cl 
on their branch-point carbon. This fact was also confirmed by analysis of 13C spectra of 
PVC reduced with Bu3SnD, where the signals of the carbons to which the Cl was 
originally attached usually appear as triplets (Figure 2-3b).  
The same spectrum also showed methyl and ethyl branches that had an H on the branch-
point carbon (Figure 2-3b), which is an indication that head-to-head addition and 
subsequent Cl shifts and propagation are the origin of these branches (see Scheme 1-3). 
However, it should be noted that this is also consistent with methyl branches formed via a 
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possible 1–2–intra– or intermolecular hydrogen abstraction reaction (see Scheme 2-2). 
Methyl branches containing a tertiary Cl may also be formed via an intermolecular 
hydrogen abstraction from the b-carbon of the dead polymer (see Scheme 2-2). 
Unfortunately, these could not be identified by analysis of 13C spectra of the Bu3SnD-
reduced polymer because the t-EtCP-3 signal has the same chemical shift (32.81 ppm) as 
the triplet, arising from the branch-point carbon of such methyl branches (33.23(Me-br)-










Figure 2-3. 13C-NMR spectrum of PVC synthesized at 57.5 °C reductively dehalogenated with a) Bu3SnH, 
b) Bu3SnD. Me = methyl, ClMe = chloromethyl, Et = ethyl, Bu = butyl, LB = long branch; LE = long-
chain end, Me-LB = vicinal methyl and long branch. Br = branch-point carbon; a,b  = positions of the 
carbons in the main chain with respect to the branch-point carbon, 1-4 = positions of the carbons in the 
corresponding branch with respect to the branch-point carbon, where the lower the number the more 
remote the carbon. Peaks marked with * are products of reduction with Bu3SnH, contained in Bu3SnD. 
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Scheme 2-2. Alternative reactions leading to formation of methyl and/or ethyl branches.  
 
Conversion dependence of the defect structures. On the basis of the 1H and 13C NMR 
spectra, the concentrations of the various defect structures were followed as a function of 
monomer conversion. The conversion dependence of the unsaturated end groups (–
CHClCH=CHCl) is plotted in Figure 2-4, from which it is seen that the number of these 
end groups per polymer molecule (chain) reached its minimum at around 70% 
conversion, where the contribution of the excess Trommsdorff effect (which, as 
manifested by decrease in the heater temperature, begins at ~40% and finishes at ~85% 
conversion) attains its maximum.36 Because the bimolecular terminations are known to be 
suppressed during the Trommsdorff effect, this confirms the assignment of the minor 
peak at 5.36 ppm to the methynic proton contained in –CHClCH=CHCl end group (see 
section Peak Assignments).  
The conversion dependence of the chloroallylic end groups per chain is plotted in Figure 
2-5. These were initially relatively constant as a function of monomer conversion, 
presenting practically no change until approximately 70% of monomer conversion, and 
then it decreased. The copolymerization of chloroallylic end groups with the growing 
polymer chain (see Scheme 2-4), and their conversion to internal unsaturated groups via 
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hydrogen abstraction reactions (see Scheme 2-5), could explain this downtrend. This will 
















































Figure 2-4. Development of the number of unsaturated (chlorovinyl) end groups –CHClCH=CHCl per 



























Figure 2-5. Dependence of the number of chloroallylic end groups per chain on monomer conversion in 
suspension PVC made at 57.5 °C.  
 
The number of internal unsaturations remained relatively constant as a function of 
monomer conversion until around 85%; at which point a steep increase occurred (see 
Figure 2-6). This trend is also mirrored by the branched structures (Figure 2-7). The 
number of long-chain branches showed the largest relative increase: 108%, followed by 
butyl (26%), ethyl (20%), and methyl branches (19%). It should be noted that, in the case 
of the ethyl branches, establishing the exact magnitude of the increase is complicated by 
the low concentration of this type of branching. The experimental error in the 13C NMR is 
estimated to be 0.13 branch/1000 VC; that means approximately 26% in the case of the 
number of ethyl branches. Nonetheless, it is clear from Figure 2-7 that the concentrations 




























Figure 2-6. Dependence of the number of internal double bonds per 1000 VC units on conversion in 























Figure 2-7. Dependence of the number of different types of branches per 1000 VC units on conversion in 
suspension PVC made at 57.5 °C.  
Í Methyl branches,  Butyl branches, ▲ Long branches, u Ethyl branches. 
 
Internal double bonds are known to originate from either inter- or intramolecular 
abstraction of H from the –CH2– group of the polymer chain, followed by reaction with 
VCM by chlorine atom b-scission,5,9,37 while long-chain and butyl branches are known to 
originate from inter- or intramolecular hydrogen-transfer reactions, followed by 
propagation (see Schemes 1-1 and 1-2). The sharp increase in these defect structures at 
85% conversion thus implies a large increase in the rates of these chain-transfer reactions. 
As will be discussed below, this increase can be understood in terms of the reduction of 
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monomer concentration and the concurrent increase in polymer concentration in the 
polymer-rich phase at conversions above 85%.  
However, the increase in methyl and ethyl branches is more surprising. The ethyl 
branches are thought to form via propagation of the radical resulting from two 
subsequent Cl shifts after head-to-head monomer addition (see Scheme 1-3).38 The methyl 
branches may form if the same radical propagates after just one Cl–shift.39 Although the 
probability of head-to-head addition might be expected to remain relatively constant 
throughout the polymerization process, the probability that the radical undergoes 
subsequent Cl shifts might have been expected to increase as the propagation rate declines 
under conditions of monomer starvation. Although this provides a possible explanation 
for the increases in methyl and ethyl branches, other observations suggest that, for the 
production of methyl branches, an additional mechanism may also operate. In particular, 
we noted that addition of 3 wt % o-dichlorobenzene to the VC monomer during 
polymerization caused a decrease in the number of butyl branches (Chapter 4), defects 
known to be formed by intramolecular H abstraction.4,6 In contrast, o-dichlorobenzene 
had little effect on the concentration of long branches and ethyl branches, where the 
defects are not formed by intramolecular hydrogen abstraction. Surprisingly, addition of o-
dichlorobenzene caused a decrease of the concentration of methyl branches at 
conversions > 85 %, thereby indicating that an intramolecular hydrogen shift (which 
would have to be a 1–2 shift in this case) might play a role.  
The 1–2 hydrogen-transfer reaction has been rejected in several publications,40,41 arguing 
that such a type of hydrogen migration has never been observed for alkyl radicals in 
solution.42 The mechanism was also discounted based on the 13C spectrum of a reductively 
dehalogenated PVC sample obtained by polymerization of a-deuterated monomer.41 In 
the latter case, it was shown that signals corresponding to the deuterium-labeling pattern 
expected for the methyl branch formed by further propagation of a radical, resulting from 
a 1–2 hydrogen shift were absent. However, it is worthwhile to note that the 
polymerization of deuterated monomer41 was carried out in solution, and the increase of 
the number of methyl branches begins at ~ 85% monomer conversion, far beyond the 
critical conversion (Figure 2-7). As we discuss below, under such conditions, the 
concentration of polymer chains is extremely high,43 and the monomer has to diffuse to 
the polymer-rich phase from the vapor phase and the suspension medium. As a result, the 
propagation rate decreases dramatically and intramolecular transfer reactions (of all types) 
might be expected to compete more effectively with propagation. A 1-2 hydrogen shift 
may thus be feasible under these circumstances, and in this work we use ab initio 
calculations to investigate this possibility. 
It is important to note that this sudden increase in the structural defects at high 
conversions plays an important role in the thermal stability of the polymer. In fact, the 
increase in the dehydrochlorination rate for the PVC polymer as a function of conversion 
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(Figure 2-8) mirrors the increase in the concentration of the internal unsaturated 
structures (Figure 2-6) and butyl and long branches (Figure 2-7). This confirms the close 


























Figure 2-8. Development of the dhc-rate with monomer conversion in suspension PVC made at 57.5 °C.  
 
Ab initio molecular orbital calculations. Some of the more intriguing results of the 
present work are the observations that, at high conversion there is (a) a large increase in 
methyl branches that might arise in a 1–2 hydrogen shift, and (b) a decline in the 
concentration of the chloroallylic end groups, indicating that they may undergo 
copolymerization. To examine the feasibility of these unusual reactions, an ab initio 
molecular orbital study was also undertaken.  
Barriers, enthalpies, entropies, and rate coefficients (at 57.5 °C) were calculated for both 
the intramolecular 1–2 hydrogen shift (1) and the corresponding intermolecular transfer 
reaction (2) with the dead polymer, and also the propagation of the chloroallylic end 
group (3). To perform the calculations at a high level of theory, the propagating species 
and corresponding dead polymer were modeled as dimers (see Scheme 2-3). To 
“benchmark” the calculations, and enable chain-transfer coefficients and reactivity ratios 
to be calculated, the corresponding propagation reaction of the vinyl chloride dimer (4) 
was also studied. The key kinetic and thermodynamic parameters for reactions 1-4 (see 
Scheme 2-3) are provided in Table 2-1, while the geometries of all species are shown 
schematically in Figure 2-9.  
Examining Table 2-1, we first note that the calculated propagation rate coefficient (1.3 ´ 
104 L mol–1 s–1) is in excellent agreement with the reported experimental value (1.2 ´ 104 L 
mol–1 s–1).44 This agreement is unlikely to be fortuitous because calculations at a similar 
level of theory have recently reproduced the experimental propagation rate for a different 
system, methyl acrylate.45 Moreover, the accuracy of the electronic structure calculations 
themselves has been separately verified against a large test set of gas-phase experimental 
data,25 and in extensive assessment studies for radical addition and abstraction 
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reactions.22,23 For these reasons, it seems reasonable to suppose that the calculated rate 




Scheme 2-3. Model reactions used in the calculation of the rate coefficients for (1) the 1–2 intramolecular 
hydrogen abstraction reaction, (2) the intermolecular 1–2 intramolecular hydrogen abstraction reaction, (3) 
the copolymerization of the chloroallylic end groups, and (4) the propagation rate. 
 
 
Table 2-1. Calculated kinetic and thermodynamic parameters for the propagation, copolymerization, 
intramolecular and intermolecular 1–2 hydrogen transfer reactions of the vinyl chloride propagating radical 
at 0 K and 330.65 K. 
 
 intramolecular intermolecular propagation coplymerization of chloroallylic 
end-group  
 fwdb revc overalld fwdb revc overalld fwdb fwdb 
DH0 (kJ mol–1) 180.5 176.9 3.5 41.0 37.4 3.5 12.6 12.5 
DH330.65 (kJ mol–1) 180.0 175.8 4.2 41.8 37.6 4.2 11.6 12.0 
DS330.65 (J mol–1 K–1) -4.5 -13.3 8.9 -161.4 -170.3 8.9 -159.4 -171.0 
DG330.65 (kJ mol–1) 181.5 180.2 1.2 95.1 93.9 1.2 64.3 68.6 
Q330.65 4.9 ´ 103 4.9 ´ 103 — 2.8 ´ 101 2.8 ´ 101 — 1 1 
k330.65 7.2 ´ 10–13 1.1 ´ 10–12 0.64 4.8 7.6 0.64 1.3 ´ 104 2.8 ´ 103 
 
aCalculated at the G3(MP2)-RAD//MPW1K/6-31+G(d,p) level of theory. Rate coefficients (k) were 
calculated using simple transition state theory and incorporate Eckart tunneling corrections (Q) (see text). 
The intramolecular reaction (1) proceeds via transition structure 1 in Figure 2-9, and its forward and reverse 
rate coefficients have the units s–1. The intermolecular reaction (2) proceeds via transition structure 2 in 
Figure 2-9, and its forward and reverse rate coefficients have the units L mol–1 s–1. The propagation reaction 
(3) proceeds via transition structure 3 in Figure 2-9, and its forward and reverse rate coefficients have the 
units L mol–1 s–1. bForward direction. cReverse direction. dOverall enthalpy/entropy change for the reaction. 






Figure 2-9. MPW1K/6-31+G(d,p) optimized geometries of the transition structures for the intramolecular 
1-2 hydrogen-transfer (1), the corresponding intermolecular hydrogen-transfer (2), and the propagation (3) 
reactions of the model vinyl chloride propagating radical (4). Also shown are the geometries of the 
corresponding vinyl chloride “polymer” (5), the radical product (6) of the 1–2 hydrogen shifts, vinyl 
chloride monomer (7), chloroallylic end group (8), and the addition of the propagating PVC radical to the 
double bond of the chloroallylic end group (9). 
 
From Table 2-1, it is seen that the intramolecular 1–2 shift is, not unsurprisingly, a 
relatively unfavorable reaction. If we compare it with corresponding intermolecular 
reaction, we note that, on an enthalpic basis, the intermolecular shift is overwhelmingly 
preferred, the respective enthalpies of activation being 180.0 kJ mol–1 and 41.8 kJ mol–1. 
This reflects the high degree of strain in the three-membered transition structure for the 
intramolecular shift, in which the C–H–C angle is 69°, a long way from its preferred linear 
arrangement. However, on an entropic basis, the intramolecular shift is preferred over the 
intermolecular reaction. This is mainly because the intramolecular shift is a unimolecular 
reaction, and therefore does not “lose” three translational and three external rotational 
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modes upon reaction, as in the bimolecular intermolecular transfer reaction. This 
additional entropy loss in the intermolecular reaction is only partially compensated for by 
the additional vibrational entropy of the larger and more flexible intermolecular transition 
structure, and hence the intramolecular shift is preferred on an entropic basis. 
Nonetheless, the enthalpic effects dominate, and the intermolecular shift is strongly 
preferred (by approximately 13 orders of magnitude at 330.65 K). 
When the rate coefficients for the chain-transfer reactions are compared with the 
propagation rate coefficient, it is clear that under normal conditions, the formation of 
methyl branches via intramolecular 1–2 hydrogen abstraction would be a relatively rare 
occurrence in vinyl chloride polymerization. For example, in a bulk monomer (i.e., with a 
monomer concentration of around 11.6 mol L–1), the intramolecular 1–2 shift would 
occur once every 2 ´ 1017 propagation steps. Of course, at high conversions, the 
monomer concentration (particularly in the polymer-rich phase) would be much lower 
than this, and the relative frequency of the intramolecular reaction would increase. This 
would be further enhanced if propagation were to become diffusion limited. However, as 
it will be demonstrated below, even when these factors are considered, it is unlikely that a 
1–2 hydrogen shift is primarily responsible for the formation of the methyl branches.  
The intermolecular hydrogen shift may be a more feasible route to methyl branches. At 
low conversion, hydrogen abstraction from the dead polymer would occur only rarely 
because the monomer concentration would greatly exceed the polymer concentration. 
However, as the monomer is depleted this reaction would compete more effectively. 
Thus, for example, if the (molar) polymer and monomer concentrations were equal, the 
formation of methyl branches via an intermolecular hydrogen abstraction from the b-
carbon would occur once every 2700 propagation steps; under conditions of monomer 
starvation, yet higher frequencies of abstraction would be possible. However, it is 
important to note that the intermolecular abstraction of hydrogens from other positions 
on the (dead) polymer chain (i.e., leading to ethyl, propyl, butyl, and longer branches) 
should also occur with a similar frequency, and thus one should have expected the total 
concentration of the long branches to be orders of magnitude greater than that of the 
methyl branches, which is not the case. Although intermolecular abstraction reactions will 
contribute to the production of methyl branches (and all other types of branches), they 
are unlikely to be the predominant mechanism. 
Finally, it appears that the copolymerization of the chloroallylic end groups may be 
feasible under the right conditions. The chloroallylic end group is approximately one 
order of magnitude less reactive than the double bond of the monomer (see Table 1), a 
feature that arises mainly in entropic factors. Using the propagation rates for the 
chloroallylic group (kpc) and the normal propagation step (kp), the calculated reactivity 
ratio of the chloroallylic group (rc = kp/kpc) is 4.7. Although one might expect on this 
basis that the propagation of the chloroallylic end group could compete with normal 
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propagation, it must be remembered that, at low conversions, the concentration of the 
monomer is orders of magnitude higher than that of the chloroallylic end group, and the 
reaction is not significant. However, at high conversions, if the monomer concentration in 
the polymer droplets diminishes, the propagation of the chloroallylic end group could 
become more significant. 
 
Chain-transfer kinetics at high conversion. The presented results indicate that there is 
a large increase in the concentration of branches and internal unsaturations in the polymer 
at conversions above 85%. This in turn suggests that there is a large increase in the 
frequency of inter- and intramolecular chain-transfer reactions above this “threshold-
conversion”. In what follows, it is argued that this is explicable in terms of the reduction 
of the monomer concentration and the concurrent increase in polymer concentration in 
the polymer-rich phase at conversions above 85%. 
It is characteristic for suspension and bulk processes that, after a critical conversion, the 
polymerization is taking place exclusively in the polymer rich phase.46 According to Ravey 
et al.47 the polymer-rich phase is much less swollen in the monomer at conversions higher 
than 85%. As a result of this decrease in monomer concentration, the rate of propagation 
is substantially reduced, while concurrently, the concentration of polymer (available for 
intermolecular chain-transfer to polymer reactions) increases, thereby allowing chain-
transfer to compete more effectively with the propagation step.  
Another feature of the polymerizations where phase separation takes place (which is the 
case in the suspension polymerization of vinyl chloride) is the reduced mobility of the 
polymer chains. This also contributes to a decrease in the rates of the propagation and 
intermolecular transfer, which become diffusion rather than chemically controlled. Rate 
coefficients are then composed from the terms kchem (rate coefficient corresponding to 







        (2-1) 
 
The first term of this expression can be evaluated using the ab initio kchem values for 
propagation and intermolecular transfer reactions from Table 2-1. The second term of the 
equation based on the Smoluchowski model49 accounts for the diffusion contribution, 
where sm50 = 4.69x10-10m stands for Lennard-Jones diameter of a monomer molecule, NA 
for Avogadro constant, and Di for self-diffusion coefficient of monomer(Dm) or polymer 
(Dp). The self-diffusion coefficients are governed by the pre-exponential factor and 
activation energy necessary to make a diffusional jump, together with a free volume 
contribution. The pre-exponential factor of the monomer was calculated with the aid of 
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the Dullien equation.51 The pre-exponential factors in the diffusion of the polymer 
molecules were determined via reptation theory,52 and the segmental motion of the radical 
chain end due to the propagation was considered as well.50 Free volume contributions 
were calculated using free volume theory.53 The complete methodology was extensively 
described elsewhere and summarized in APPENDIX I.54 The resulting calculated apparent 
values for the rates of propagation and intermolecular chain-transfer (to polymer) in the 




































Figure 2-10. Calculated apparent rate coefficients in polymer-rich phase at 57.5 °C versus monomer 
conversion (propagation ─l─ kp, intermolecular transfer ••─n─•• ktr inter.). 
 
Both the propagation (kp) and intermolecular transfer (ktr inter) rate coefficients showed a 
dramatic decrease beyond 85% conversion (Figure 2-10). However, the high 
concentration of polymer molecules and low concentration of monomer (see Figure 2-11) 
compensate for the low value of ktr inter. This is reflected in the development of the ratio of 
the intermolecular hydrogen-transfer rate to the propagation rate (ntr inter/np) with the 
monomer conversion (Figure 2-12), which is clearly in favor of intermolecular transfer at 
conversions above 85%. The increasing ntr inter/np ratio above the critical conversion can 
thus account for the dramatic increase in long-chain branches and internal unsaturations. 
It is important to note that the formation of internal unsaturations also involves a transfer 
to the monomer step (Schemes 2-1 and 2-2), and the frequency of this step would be 
expected to decrease at high conversions, in an analogous manner to the propagation step. 
Because the formation of internal unsaturations increases, rather than decreases, at high 
conversions, the intermolecular hydrogen abstraction reaction must be the rate-















Figure 2-11. Development of the weight fraction of PVC in polymer-rich phase during suspension 
polymerization of VCM at 57.5 °C. Weight fraction of polymer (wp) was calculated using the model 
developed by Xie et al.43  
 
The ntr intra/np ratio also increases substantially at high conversions because of the 
declining propagation rate. The intramolecular reactions are unlikely to become diffusion 
controlled, therefore their rates should remain relatively constant as a function of 
conversion, and the increase in ntr intra/np at a high conversion should be even more 
pronounced than the increase in the ntr inter/np ratio. Figure 2-12 also shows the 
development of the ntr intra/np ratio with conversion for the 1–2 shift; similar profiles 
would be expected for the possible intramolecular transfer reactions, though the absolute 
values of these ratios would of course be different for the various shifts. This increasing 
ntr intra/np ratio accounts satisfactorily for the increases in butyl branches at high 
conversions and might, in principle, also provide an explanation for the increasing methyl 
branches. When we examine the magnitude of the ntr intra/np ratio for the 1–2 shift, it 
becomes obvious that, despite the low propagation rate at high conversions, the 
propagation rate is still substantially greater than the rate of the intramolecular chain-
transfer reaction. The value of ntr intra/np for this reaction was 1.14x10-11 at the highest 
achievable conversion (96.4%), when the weight fraction of monomer in the polymer-rich 
phase is only 0.001. The intramolecular shift would thus participate only marginally in the 
formation of methyl branches at high monomer conversions. 
Detailed description of the calculation of all the reaction rates can be found in 
APPENDIX I. 
 



















Figure 2-12. Correlation of the ratios of propagation rate and different transfer reactions rates in polymer-
rich phase with monomer conversion during suspension VCM polymerization at 57.5 °C. (─▲─) 
intermolecular; (- -Í- -) 1-2 intramolecular hydrogen transfer; () copolymerization of chloroallylic 
end groups. 
 
It should be noted, in contrast to the present work, that it has been argued elsewhere37,55 
that propagation is not diffusion controlled up to conversions of at least 90% at the 
temperature of the present study. This conclusion was based largely on the observation 
that, in contrast to the current results, the butyl branch concentrations in previous 
studies2,37,38,55 depend only the temperature and monomer concentration during the 
polymerization. However, the reaction conditions in these studies differ from those of the 
present work (and hence the industrial process), and these differences are likely to delay 
the onset of diffusion control. In particular, Hjertberg et al.2 used a high agitation speed to 
avoid the diffusion control of the propagation, and Starnes et al.37,38,55 considered the 
formation of branched defects in solution polymerization, and at subsaturation conditions 
before the agglomeration of primary particles occurred. The contrasting results of the 
present work indicate that, in the industrial process, the onset of diffusion control (and 
associated decline in stability of the polymer) may occur at earlier conversions than 
previously supposed. 
 
Copolymerization of chloroallylic end groups. Prior to the current work, it was 
generally accepted that reactions following head-to-head emplacement are responsible for 
the formation of methyl and ethyl branches and chloroallylic end groups38,56,57, (see Scheme 
1-3). In the absence of other reactions leading to these defects the number of methyl 
branches should decrease, the number of ethyl branches increase, and the number of 
chloroallylic end groups should stay constant with decreasing monomer concentration.2,38 
It is clear from Figure 5 that this is not the case. The concentration of chloroallylic end 
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groups actually decreased after 85% of the monomer conversion (Figure 2-5), and the 
number of methyl and ethyl branches increased (Figure 2-7).  
The chloroallylic chain ends are not normally thought to be very reactive, but on the basis 
of our ab initio calculations (Table 2-1) the rate coefficient for radical addition to the 
chloroallylic double bond is only 4.6 times lower than the propagation rate coefficient. Of 
course, at a low conversion, the concentration of the monomer in the polymer droplets is 
orders of magnitude greater than that of the chloroallylic end groups, and the rate of the 
copolymerization reaction is not significant. Nevertheless, under conditions of monomer 
starvation, copolymerization may become feasible. Such a reaction would give rise to a 
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Scheme 2-4. Copolymerization of chloroallylic end groups. 
 
In previous studies by other research groups, structures of this nature have not been 
identified in the spectra of reduced PVC (based on their predicted peak assignments).4,58 
In the present work, different locations for these structures in the 13C NMR are suggested 
and, on the basis of these peak assignments, experimental evidence for this reaction is 
provided. 
According to the predictions,17 the chemical shift of the branch-point carbon should be 
40.8 ppm for the methyl branch and 41.4 ppm for the long branch. Carbons in the 
a position with respect to the methyl and long branches should be situated at 35.2 and 
32.7 ppm, respectively. The 13C chemical shifts of branch-point carbons should thus differ 
enough from carbon chemical shifts of the branches and cyclic structures formed from 
the unsaturations32,37 normally present in NMR spectra of reductively dehalogenated 
samples (see also discussion further in the text). A small but clear peak is observed at 32.7 
ppm and less defined signals appear at 35.2 and 40.2 ppm in the spectra of dehalogenated 
specimens of all monomer conversions (Figure 2-3a). A conceivable source of one of the 
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Me-LB-br resonances could be the quaternary alkyl carbon of the bisphenol A that was 
used to terminate the polymerization. However, we can rule this out because the signal of 
this carbon lies at 42.5 ppm in the reference spectrum of this compound. Moreover, the 
signals of aromatic carbons of bisphenol A at 116 and 128 ppm were not visible in the 
spectrum of reduced PVC.  
Further experimental support for the copolymerization reaction was provided by 
examination of the reaction of a low-molecular-weight model compound for chloroallylic 
end groups with PVC macroradicals. Crotyl chloride (CH3–CH=CH–CH2Cl) was chosen 
for this purpose. Both 5 g and 1 g of crotyl chloride corresponding to around 19 
(respectively 4) chloroallylic end groups/1000VC considerably reduced the reaction rate, 
thus indicating that a disubstituted double bond is not inert toward both primary and 
macroradicals. Addition of the growing polymer chain to the double bond in crotyl 
chloride would give a vicinal methyl branch with theoretical chemical shifts of 42.7 ppm 
for the branch-point carbon and 37.1 ppm for the a carbon.17 There are indeed very weak 
peaks having comparable chemical shifts in 13C spectra of PVC polymerized with addition 




Figure 2-13. 13C-NMR spectra of reductively dehalogenated PVC polymerized with addition of (A) 5g 
crotyl chloride; (B) 1g crotyl chloride and (C) 1g crotyl chloride, three times longer polymerization time. 
Me-Me = vicinal methyl branches; br = branch-point carbon; a = position of the carbons in the main chain 
with respect to the branch-point carbon. See caption of the Figure 2-3 for the nomenclature of the other 
peaks. 
 
Although the model experiments provided evidence for copolymerization of the 
chloroallylic end groups, they also suggested additional reaction pathways for this group. 
In particular, besides propagation, hydrogen abstraction from a carbon atom adjacent to 
the double bond could also occur (Scheme 2-5). The radical formed in the abstraction 
reaction is not very reactive because of the resonance stabilization and is often capable 
only of combination reactions59 (Scheme 2-5). The products of the combination reactions 
with crotyl chloride radicals or PVC macroradicals are predicted to have 1H NMR signals 
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overlapping with the signals of internal unsaturations and –CHCl– protons of the main 
chain. Polymers made with addition of crotyl chloride should thus present a higher 
content of internal double bonds than standard polymers of similar conversion. This is 

























































































Scheme 2-5. Reactions of the allylic radical formed by hydrogen abstraction from carbon atom adjacent to 




























Figure 2-14. Dependence of the number of internal double bonds per chain on monomer conversion and 
amount of crotyl chloride present in the reaction mixture. l 0g; r1g;  5g of crotylchloride added.  
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The theoretical chemical shift of the protons contained in the –O–CHCl– moiety 
adjoining the double bond present in the combination product of primary and crotyl 
chloride radicals is 7 ppm. An additional peak at 7.8 ppm absent in NMR spectra of 
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Figure 2-15. Expansion of a 1H-NMR spectrum of PVC sample synthesized at 57.5 °C in the presence of 
5g of crotyl chloride. 
 
Its intensity increases with the amount of crotyl chloride added to the reaction and with 
the polymerization time (2-16). Formation of low-reactive radicals by hydrogen 
abstraction from a chloroallylic functional group of crotyl chloride explains satisfactorily 
the retarding effect of this compound on VCM polymerization. Chloroallylic end groups 
are susceptible to the same hydrogen abstractions and subsequent combination reactions 
as crotyl chloride.1,9,58 The absence of the peak corresponding to the product of 
combination with primary radicals can be explained by the low concentration of the 



























Figure 2-16. Correlation of the amount of crotyl chloride present during the polymerization, reaction time 




In summary, a combination of ab initio calculations and experimental studies indicate that 
the chloroallylic end groups are susceptible to propagation and transfer reactions; the 
former giving rise to methyl and long-chain branches, the latter giving rise to additional 
internal unsaturations. At a high conversion the reduction in the monomer concentration, 
and the associated decline in the propagation rate, allow these reactions to compete more 
effectively. This explains the observed decline in the concentration of chloroallylic end 
groups and contributes to the increasing concentration of branched structures and 
internal unsaturations. 
 
Origin of the methyl branches. Thus far, we have provided an explanation for the 
increasing internal unsaturations and long-chain and butyl branches at a high conversion 
and the decreasing chloroallylic end groups. However, the origin of the methyl branches 
in high-conversion PVC remains unexplained. Although copolymerization of the 
chloroallylic end groups leads to methyl branches, the methyl branches formed by this 
reaction do not contribute to the observed increase in the concentration of methyl 
branches because of the different location of the respective peaks. Although at a high 
conversion the declining propagation rate allows all intramolecular hydrogen-transfer 
reactions to compete more effectively with propagation, the 1–2 hydrogen shift was found 
to be too unreactive to be a significant source of the observed methyl branches. Although 
intermolecular hydrogen-transfer was found to provide a much more favorable route, it 
should be remembered that this process should also generate branches of any other 
specific length with a similar frequency, and hence the relative concentration of the long-
chain branches should have been much higher than that of the methyl branches. In other 
words, the increase in methyl branches at a high conversion may thus be only partially 
explained via the increase in intermolecular hydrogen-transfer reactions. 
The increase in methyl (and ethyl) branches may simply reflect that, under conditions of 
monomer starvation, the radicals produced after head-to-head addition have a greater 
probability to undergo subsequent Cl shifts before propagation. However, as noted, the 
addition of 1.3 mol % o-dichlorobenzene to VC monomer during polymerization has little 
effect on the ethyl branches, but causes a large decrease in the concentration of the 
methyl branches, suggesting that these are formed via different mechanisms.  
1-2 chlorine shifted head-to-head radicals can propagate, which leads to methyl branches 
or undergo b-Cl elimination forming chloroallylic end groups (see Scheme 1-3). Such 
radicals can also terminate by combination with growing macroradicals; the result of such 
reaction would be a methyl branch (Scheme 2-6). Termination in free radical 
polymerization is believed to be diffusion controlled from the very beginning of a 
polymerization,60 it is not therefore expected to increase in intensity at high conversions 
to cause the increase in the number of methyl branches. On the other hand, it is also 
known that under conditions of monomer starvation very short polymer chains are being 
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formed. Such short molecules, probably far under the entanglement length of PVC, can 
diffuse much more easily than the polymer chains of higher molecular weight. This can 




























In this work, we examined the conversion dependence of the formation of the various 
types of defect structures in radical suspension polymerization of vinyl chloride. It was 
found that, above 85% monomer conversion, there is an enormous increase in the 
formation of both branched and internal unsaturated structures, and that is mirrored by a 
sudden decrease in the stability of the resulting PVC polymer. The increased formation of 
these defects, which arise through various types of chain-transfer reaction, can be 
understood in terms of the locus of polymerization. The liquid monomer-rich phase is 
consumed and the monomer has to diffuse to the polymer-rich phase from the vapor 
phase and suspension medium already above 60% conversion. However, the impact of 
these changes on the concentration of defect structures is observable at more than 20% 
higher monomer conversion. From our experimental and theoretical evidences, it can be 
deduced that, above this so-called threshold-conversion, the polymer-rich phase becomes 
extremely dense, making the diffusion coefficient of the monomer much lower than in the 
monomer-rich phase. This causes substantial reductions in the propagation rate, thereby 
allowing the chain-transfer processes to compete more effectively.  
In contrast to the branched structures and internal unsaturations, the concentration of 
chloroallylic end groups was found to decrease at high conversion. Chloroallylic end 
groups arise when the radical formed via head-to-head addition undergoes one or two 
subsequent Cl shifts, followed by transfer to the monomer (instead of propagation, which 
can lead to methyl or ethyl branches, respectively). Their rate of formation is not expected 
to decline at high conversions, and the decrease in their concentration is instead the result 
of their consumption in copolymerization and transfer reactions, the former giving rise to 
branched structures, the latter giving rise to internal unsaturations. The feasibility of these 
processes was confirmed via a combination of high-level ab initio calculations and 
experimental studies involving the model compound, crotyl chloride. 
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In addition, the present results provide evidence in favor of an alternative mechanism for 
the formation of methyl branches in PVC. Prior to the current work it was generally 
accepted that reactions following head-to-head emplacement are responsible for the 
formation of methyl and ethyl branches, and that the ethyl branches should increase and 
the methyl branches should decrease at a high conversion.2 We observed an increase in 
both the methyl and ethyl branches. These kinetic results, and additional evidence 
concerning the effect of o-dichlorobenzene suggest that an additional mechanism for the 
formation of methyl branches exists, possibly on the basis of inter- and/or intramolecular 
hydrogen transfer. On the basis of ab initio molecular orbital calculations, the 
intermolecular route was favored. Ab initio calculations point to intermolecular hydrogen 
abstractions as partial reason for the increase in the number of methyl branches at high 
conversions. Combination of head-to-head radicals (after Cl shift) with small growing 
polymer chains formed at the conditions of monomer starvation can be another reason 
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